Introduction
The generation of antigen-specific B cells is dependent upon their interaction with T follicular helper (TFH) cells in the B cell follicles of the LN and spleen (SP) (1, 2) . This interaction promotes the survival, isotype switching, and selection of high-affinity memory B cells and plasma cells (3) and is mediated by costimulatory molecules and soluble factors, such as IL-4, IL-10, and IL-21 (1, 4, 5) . TFH cells are characterized by high expression of CXCR5, BCL-6, programmed death-1 (PD-1), and ICOS (1, (5) (6) (7) (8) , and their function and trafficking is influenced by the availability of antigen and antigen-presenting cells (5, 9, 10) and the expression of chemokine (11) and other receptors, including ICOS (12) and SLAM-family members (13, 14) .
Previous RNA expression studies have shown that human TFH cells express a profile distinct from Th1 or Th2 cells (15, 16) . A subpopulation of CXCR5 hi TFH (germinal center [GC] TFH) cells expresses CD57 and has the ability to produce CXCL-13, the ligand of CXCR5 (17) . Phenotypically, human CXCR5 hi TFH cells are characterized by high expression of CXCR4, CD95, SLAMassociated protein (SAP), CD154, BTLA, ICOS, and CD69 and dim expression of CD150 (also known as SLAM) (18) .
Recent studies have shown that TFH cells can be generated from Th1 (19) , Th2 (20) , or other CD4 T cell lineages (21) . All of these studies suggest that the in vivo origin of TFH cells is flexible when compared with that of other lineages. It is well established, however, that expression of BCL-6 as well as the function of soluble factors like IL-6 (21, 22 ) is central to the lineage commitment of TFH cells (7, 8) . In contrast, much less is known about the fate of TFH cells. It has been proposed that TFH cells can revert to a central memory (CM) phenotype or undergo cell death after the effector phase of a specific immune response (23) . More recently, altered dynamics of TFH and B cells during chronic SIV infection were shown to correlate with higher titers of SIV-specific immunoglobulins (24) .
Here, we investigated the TFH cell populations in rhesus macaques (RM). We found that RM TFH cells share many phenotypic characteristics with their human counterparts. We found that TFH cells often accumulate in LNs during SIV infection, and we identified the potential role of immune activation and IL-6 production in driving that accumulation of TFH cells. Furthermore, the accumulation of TFH cells was associated with an expansion of the GC B cell compartment and increased circulating titers of SIV-specific antibodies.
Results

Phenotype of CD4 TFH cells in RMs.
Expression of BCL-6 in CD4 T cells within GCs defines TFH cells (7) . We therefore assessed BCL-6 expression in association with 2 other markers of TFH cells, PD-1 and CXCR5, in CD3 + CD4 + cells from RM LNs ( Figure 1A ). While high BCL-6 expression was found exclusively within the PD-1 hi population of CD4 T cells, it was associated with CD4 T cells that expressed both intermediate and high levels of CXCR5 ( Figure  1A ). Consistent with GC localization, the PD-1 hi cells had low expression of CCR7. In contrast, the vast majority of the BCL-6 hi CXCR5 interm/hi CD4 T cells expressed high levels of CCR7, a phenotype inconsistent with GC localization (6) . Further analysis of the scatter characteristics and B cell markers on these CXCR5 hi CD4 T cells calls into question their actual nature (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI63039DS1). We therefore concentrated on the PD-1 hi CCR7 lo population of CD4 T cells, in which CXCR5 was not detectable, to further characterize RM TFH cells by polychromatic flow cytometry, applying other markers previously used to characterize human and mouse TFH cells (refs. 6, 15, 16, 18 and Figure 1B ). The expression of particular receptors on the CD28 dim CD95 lo (hereafter referred to as naive) CD4 T cells was used as a reference to set gates for the identification of particular populations expressing these receptors within the CD28 hi C-D95 hi (hereafter referred to as CM) (25, 26) and CD28 lo CD95 hi memory compartments. Expression of ICOS was highest within the CD28 hi CD95 hi CCR7 lo PD-1 hi population of CD4 T cells, which also showed lower expression of CD150 than other CM CD4 T cell populations ( Figure 1B) . Most of the CCR7 lo PD-1 hi ICOS hi CM CD4 T cells had high levels of CTLA-4 and CXCR4 expression, irrespective of CD150 expression (data not shown). High expression of BTLA and CD69 and diminished expression of CD127 was common in PD-1 hi CM CD4 T cells (Supplemental Figure 2A) . Increased mobilization of CD154 was observed in PD-1 hi compared with that in naive and PD-1 lo/dim populations after stimulation with SEB (Supplemental Figure 2B) .
We next confirmed that PD-1 hi CD4 T cells were localized in GCs. Tissues from RMs were analyzed by confocal microscopy for simultaneous expression of CD4, CD20, PD-1, and Ki67. B cell follicle areas surrounded by CD4 T cells were observed in all SP and LN tissues tested. Within these areas, a distinct distribution of PD-1 hi CD4 T cells and Ki67 hi cells was observed ( Figure 1C and Supplemental Figure 3A ). The majority of Ki67 hi cells colocalized with CD20 ( Figure 1C and Supplemental Figure 3A) , consistent with previously published data in mice (27) . Spatial analysis revealed that PD-1 hi CD4 cells were localized closer to the follicle center than PD-1 lo CD4 cells, further supporting their definition as TFH cells ( Figure 1C) . Together, our data show a shared phenotype, at least based on the expression of BCL-6 and the markers we have used, between nonhuman primate and human CD4 TFH cells. Throughout the remainder of the article, we have defined RM TFH cells as CCR7 lo PD-1 hi ICOS hi CD28 hi CD95 hi CD4 T cells within the LN and SP. These TFH cells are further subdivided based upon CD150 expression in some experiments.
The TFH cell compartment includes populations with distinct maturation levels and cytokine functions and provides in vitro B cell help. Quantitative PCR revealed increased mRNA expression for MAF (28, 29) , BCL6 (Figure 2A) , and CXCL13 mRNA (Supplemental Figure 3B ) in sorted TFH cells, while TBX21, the major positive regulator of Th1 cells, was found to be downregulated specifically in the CD150 lo TFH population (Figure 2A ). Secreted cytokines from stimulated sorted cells were measured by Luminex assay. PD-1 lo/dim cells were potent producers of Th1 cytokines such as IFN-γ, TNF, and IL-2 compared with PD-1 hi cells, while both groups secreted MIP-1α ( Figure 2B ). IL-17 was predominantly produced by PD-1 lo/dim cells ( Figure 2B ). IL-4 was secreted mainly by CD150 lo TFH cells, while IL-10 was produced by CD150 hi TFH cells ( Figure 2B ). We were not able to detect IL-21 production by either flow cytometry or Luminex; however, analysis of IL21 mRNA revealed an increased expression of this transcript in the TFH cell population (Figure 2A ). Non-TFH cells were the main source of IL-5 and IL-6 (Supplemental Figure 3C) . Coculture of sorted TFH (CCR7 lo PD-1 hi ) or non-TFH (PD-1 lo/dim ) CD4 T cell populations with autologous LN B cells revealed that TFH cells were able to provide the highest in vitro B cell help, in agreement with previous studies in humans (ref. 30 and Figure 2C ). Thus, TFH cells, especially the CD150 lo ones, exhibit a distinct cytokine profile consistent with what has been described in mouse and human studies (4) .
Molecular gene signature of TFH cells. Gene expression analysis was performed on RNA from sorted CD150 lo TFH and (non-TFH) CCR7 hi/lo PD-1 dim/lo ICOS hi CD150 lo CD28 hi CD95 hi memory CD4 T cell populations from RM LNs (Supplemental Figure 4A) . A 2-way heat map cluster analysis from these populations is shown in Figure 3A and demonstrates that the gene expression signature of CD150 lo TFH cells is notably different from that of non-TFH cells in LNs. At least 444 genes were differentially regulated between the 2 subsets (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE38795). Significant increases in the expression of BCL6, CXCR5, CTLA4, BTLA, MAF, and CD200 and significant decreases in the expression of CCR7, IL7R, and IL4R were found ( Figure 3A) . The gene expression of BCL6, CTLA4, BTLA, CCR7, and IL7R is in line with the protein expression of these molecules ( Figure 1A and Supplemental Figure 2A) , further confirming the gene array data. CD150 lo TFH cells isolated from uninfected and SIV-infected RMs were transcriptionally distinct, with at least 554 genes being differentially regulated (Figure 3B , left; http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38795). Increased expression of IFN-induced genes (IFI27, IFI44, IFI6, and MX1) and TGF-β-associated genes (TGIF1 and TGIF2) was observed in CD150 lo TFH cells derived from SIV-infected RMs. In contrast, TNFSF14 and FLT3LG, a ligand for FLT3 that mediates maturation of dendritic cells (31) , were decreased ( Figure  3B ). Network analysis of the differentially expressed genes identified a network of interactions associated with IL-4 signaling in CD150 lo TFH cells that are affected by SIV infection (Supplemental Figure 4B ). Several networks (http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE38795) and biological functions (Supplemental Figure 4C) Figure 4A ), the percentage of TFH cells was actually increased in LN tissues from many chronically infected RMs (29.13% ± 12.89%, n = 9) (red circles, Figure 4A ) when compared with that of acute SIVinfected RMs (7.05% ± 6.79%, n = 11) (light gray circles, Figure 4A ) or uninfected RMs (4.12% ± 1.85%, n = 10) (white circles, Figure 4A ). These RMs tended to maintain their frequency of total CD4 ( Figure  4C ) and CM ( Figure 4C ) T cells at the expense of naive ( Figure 4C ) and CCR7 hi PD-1 lo (non-TFH) CD4 T cells ( Figure 4A ). Similar data were obtained from SP tissues (data not shown). We found that half the chronically infected RMs had TFH levels consistent with those of uninfected RMs, while the other half had elevated TFH levels. We therefore divided the SIV-infected RMs into 2 groups of equal size (one having high levels of TFH cells and the other having low levels of TFH cells; referred to herein as high and low TFH, respectively) ( Figure 4A ). BCL-6 expression was found to be significantly increased in TFH cells from the high group compared with that in those from the low TFH group ( Figure 4B ). Further defining the TFH cells based upon CD150 expression demonstrated that the accumulation of TFH cells during chronic SIV infection occurred predominantly within the CD150 lo compartment ( Figure 4D ). This accumulation of TFH cells in chronic SIV infection was accompanied by preserved architecture and distribution of TFH and B cells in lymphoid follicles (Supplemental Figure 4D ). We found no expansion of T follicular regulatory cells (32) during SIV infection, as FOXP3 was found to be expressed in only a minor population (5.9% ± 4.06%) of sorted CD150 hi TFH cells, and this population was even smaller (1.3% ± 1.57%) when the coexpression of FOXP3 and CD25 was analyzed (Supplemental Figure 5A ). In addition there was no correlation between plasma viral load and the relative frequency of TFH cells (data not shown). Our data indicate that TFH cells are preserved or increased compared with other CD4 T cell subsets within secondary lymphoid tissues during chronic SIV infection.
Figure 2
TFH subpopulations are characterized by differential cytokine production. (A) Cells from chronic SIVinfected SP tissues (n = 7) were sorted with respect to expression of CCR7, PD-1, ICOS, and CD150, and the mRNA expression for BCL6, MAF, IL21, and TBX21 was determined. The normalized CT value for CD28 hi CD95 hi CCR7 hi PD-1 lo cells was assigned a value of 1, and the fold change over this value for the populations tested is shown. ND, not detected. P values were calculated using the Mann-Whitney U test. (B) Cells (10 5 ) were sorted from chronic SIV-infected SP tissues (n = 5), stimulated with PMA/ionomycin for 14 to 16 hours, and supernatants were analyzed for cytokines using Luminex technology. Signals from nonstimulated samples were below the detection limit. P values were calculated using the Mann-Whitney U test. (C) Sorted CD4 populations (n = 2 for naive and PD-1 lo and n = 5 for PD-1 dim and PD-1 hi ) were cocultured (1:1) with autologous sorted B cells in the presence of SEB, and total IgG was analyzed in the supernatants on day 12. The titer for CCR7 hi PD-1 dim was assigned a value of 1, and the fold changes over this value for the population tested is shown.
CD4 TFH cells are susceptible to SIV infection.
We next determined whether the preservation of TFH cells during SIV infection was a result of low in vivo infectivity. Multiple CD4 T cell populations were sorted from RM mesenteric LNs during acute and chronic SIV infection. Higher numbers of SIV-gag DNA copies were found in CD150 hi TFH cells compared with those in CD150 lo TFH (P = 0.0078) or CCR7 hi/lo PD-1 dim (P = 0.0156) CD4 T cells during acute SIV infection ( Figure 4E ). These differences in the in vivo infection levels did not persist into chronic SIV infection ( Figure  4E ). Our results indicate that TFH cells are as susceptible to SIV as are non-TFH cells within RM LNs, yet they are often maintained or increased in frequency and spatial localization within B cell follicles well into chronic infection.
CD150 lo TFH cells are characterized by low in vivo cycling and increased sensitivity to in vitro cell death. We next investigated potential cellular factors that could regulate the accumulation/preservation of TFH cells in chronic SIV infection. First, the ability of TFH cells to progress through the cell cycle was investigated by measuring the in vivo incorporation of BrdU in CD4 T cell populations from LNs of chronically SIV-infected RMs ( Figure 5A ). All CD4 T cell populations were relatively stable during the 3-week experiment (data not shown). Naive CD4 T cells showed low BrdU incorporation (0.445% ± 0.21% at day 3) compared with that of the CD28 hi CD95 hi (11.72% ± 1.3% at day 3) and CD28 lo CD95 hi (10.99% ± 2.91% at day 3) populations ( Figure 5A ). Interestingly, CD150 lo TFH cells showed low uptake of BrdU (5.93% ± 1.23% at day 3) even compared with CD150 hi TFH cells (25.9% ± 5.27% at day 3) ( Figure 5A ). Next, spontaneous expression of active caspase-3 was used to investigate the in vitro survival of these cellular populations. As expected, the naive population showed the lowest spontaneous caspase-3 activity ( Figure 5B ). The CD150 lo TFH cells exhibited the highest spontaneous caspase-3 activity (20.31% ± 5.49%), even compared with that of the CD150 hi TFH (3.81% ± 0.88%) cells, and SIV infection did not affect this finding ( Figure 5B ). A major regulator of TFH survival is the interaction between PD-1 with its ligand, PD-L1, on B cells (33) . We found that chronic SIV infection was accompanied by significantly reduced frequency of PD-L1 hi B cells in naive and memory B cell compartment in RM LNs ( Figure 5C and Supplemental Figure  5B ). We also investigated the possible role of altered trafficking in the accumulation of TFH cells during SIV infection by assessing the mRNA expression of S1P receptor 1 (S1PR1) in sorted cells (34) . TFH cells, specifically those with low CD150 expression, were characterized by very low expression of S1PR1, both in acute ( Figure 5D ) and chronic SIV infection ( Figure 5D ). However, a marked induction of S1PR1 was found on non-TFH cells from SIV-infected RMs with a high percentage of TFH cells ( Figure 5D ). When cells from noninfected RMs were analyzed, the highest expression of S1PR1 was found in naive cells (Supplemental Figure 5C ). Thus, CD150 hi TFH cells have high turnover and low spontaneous cell death, while CD150 lo TFH cells have low turnover and high spontaneous cell death. Both populations appear to have a reduced ability for recirculation into the periphery.
Skewed IL-6-induced signaling in the presence of high immune activation is associated with accumulation of TFH cells in chronic SIV infection.
We next assessed whether the general immune activation associated with SIV infection (35) could be operative in driving the observed accumulation of TFH. The level of plasma soluble CD14 (sCD14), a marker of immune activation (36) , was significantly higher in the group of SIV-infected RMs in which TFH cells had accumulated ( Figure 6A) . Notably, these levels of sCD14 were comparable to the levels during acute SIV infection ( Figure 6A ). IL-6, a proinflammatory cytokine that is a critical regulator of TFH cells (19, 21, 22, 37) , is increased in HIV infection (38) . In line with the sCD14 levels, we found significantly increased levels of plasma IL-6 in chronically SIV-infected RMs compared with those in noninfected animals ( Figure 6B ). There was no difference in the IL-6 levels between the high and low TFH groups of chronically infected animals (data not shown). However, the expression of IL-6Ra on TFH cells was increased in SIV-infected RMs with high percentage of TFH cells ( Figure 6C and Supplemental Figure 5D ). In fact, the expression of IL-6Ra and the relative frequency of TFH were directly correlated ( Figure 6D ). In addition, the catalytic IL-6R subunit (GP130) was specifically upregulated on TFH cells (Supplemental Figure 5E) , and we found high levels of mRNA encoding cytosolic regulators of the IL-6R subunits (data not shown), both of which support the expression profile of the IL-6R complex in TFH. Although with different kinetics (39), IL-6 induces phosphorylation of both STAT-1 and STAT-3 in T cells (40) . Therefore, we investigated the phosphorylation of these 2 factors in CD4 T cell populations from RM LNs after in vitro treatment with IL-6. Phosphorylation of both STAT-1 and STAT-3 was found after IL-6 treatment ( Figure  6E and Supplemental Figure 6, A and B) . A significantly higher phosphorylation of STATs was observed in chronically SIV-infected RMs compared with that in uninfected and acutely infected RMs ( Figure 6E ). Although activation of both STATs was found in chronic SIV infection, the phosphorylation of STAT-1 and the ratio of phosphorylation of the 2 molecules (pSTAT-1/pSTAT-3) in the PD-1 hi compartment were both inversely correlated with the frequency of TFH cells ( Figure 6F , top and bottom panel, respectively). A similar profile of STAT phosphorylation was found when cells were treated with IL-21, an inducer of STAT-1 and STAT-3 (ref. 41 and data not shown).
While IL-6 did not affect the survival of sorted CD4 T cells stimulated in vitro with an anti-CD3 antibody, the survival of TFH cells was dramatically reduced under these conditions compared with that of the other CD4 T cell populations ( Figure 6G, left) . However, IL-6 was able to boost the absolute numbers of both naive and non-TFH CD4 T cells after anti-CD3 stimulation (Figure 6G, right) . In line with their compromised in vivo cycling, this increase in absolute numbers was not seen in the TFH compartment whether or not IL-6 was added ( Figure 6G, right) . In support of the proliferative effect of IL-6, increased expression of Ki67 and in vitro incorporation of BrdU by naive and non-TFH CD4 T cells was found in the presence of IL-6 (Supplemental Figure 6C) . Next, the possible effect of IL-6 on TFH-related molecules was investigated. In vitro treatment with IL-6 in the presence of anti-CD3 accelerated the activation of CD4 T cells, as judged by a reduction in the CD95 lo population (Supplemental Figure 7A) . Furthermore, IL-6 induced the expression of BCL-6 in both CD95 lo and CD95 hi CD4 T cell populations, especially after 72 hours of treatment ( Figure 6H ). IL-6 further upregulated the anti-CD3-induced expression of ICOS, CD95, and PD-1, especially in the CD95 hi CD4 T cells (Supplemental Figure 7B) . Collectively, these data are consistent with increased IL-6 signaling under SIV-associated immune activation driving cells toward a TFH phenotype.
Accumulation of TFH cells is associated with increased frequency of GC B cells and SIV-specific immunoglobulins.
Given the critical role of TFH cells in regulation of GC B cell responses (1), we sought to investigate the phenotype of B cells in RM LNs. Increased frequency of total B cells was found in chronic SIV infection, especially in the animals with high TFH (Supplemental Figure 8A, left) . Accumulation of TFH was associated with a lower frequency of naive (CD27 lo IgD hi ) B cells (Supplemental Figure 8A, middle) , preserved surface expression of IgG (Supplemental Figure 8A, right) , and significantly increased activation of B cells, as judged by Ki67 expression (Supplemental Figure 8B) . We assessed GC B cells by binding of peanut agglutinin (PNA) (42) . As expected, no PNA staining was observed on B cells in PBMCs ( Figure 7A, left) . Accumulation of TFH cells was associated with a significant increase in PNA hi B cells, especially those not expressing surface IgG (Figure 7A, right) . Furthermore, activated (Ki67 hi ) B cells expressed increased levels of BCL-6 ( Figure 7B ). In addition, the frequency of BCL-6 hi B cells was significantly increased in chronically SIV-infected RMs, which had accumulated TFH cells (Figure 7B, right) . We then analyzed the SIV-specific immunoglobulins in the plasma from acute and chronically SIV-infected RMs. Accumulation of TFH cells was associated with significantly higher titers of both IgG and IgA antibodies against several SIV antigens ( Figure 7C ). Furthermore, SIVspecific IgGs were characterized by higher avidity in RMs with high TFH ( Figure 7D and Supplemental Figure 8C ). Taken together, our data demonstrate that accumulation of TFH cells in chronic SIV infection is accompanied by dramatic expansion of GC B cells and increased titers of higher avidity SIV-specific immunoglobulins.
Discussion
We have identified a CD4 T cell population in RM secondary lymphoid tissues that resides in the B cell follicle and is characterized by a CD28 hi CD95 hi CCR7 lo PD-1 hi phenotype. Increased levels of ICOS, CTLA-4, CXCR4, BTLA, CD69, CD154, and BCL-6, as compared with the bulk of CD4 T cells, were typical of this population, which is similar to human and mouse TFH cells (6, 18, 43) . We have further identified GC structures in LN and SP, which are surrounded by CD4 T cells possessing a PD-1 hi phenotype. The relative distribution of PD-1, CD20, and Ki67 within these structures is indicative of GC "dark" and "light" zones, in which somatic mutation and affinity maturation of the B cell response is facilitated by TFH cells (2) . Although TFH cells defined by the multiple markers that we used expressed high CXCR5 mRNA levels, the use of CXCR5 to define TFH cells proved problematic ( Figure 1A and Supplemental Figure 1 ). Despite this difficulty, the panel of markers that we used clearly identifies a population of CD4 T cells with a phenotype, function, and location indicative of TFH cells.
CD150 is an important regulator of TFH development, through its interaction with the adaptor SAP (14, 44) . Reduced TBX21 transcription in CD150 lo TFH cells was associated with high production of IL-4, while TFH cells with high expression of CD150 predominantly produced IL-10. In addition, TFH cells produced significantly fewer Th1 cytokines compared with non-TFH cells, irrespective of CD150 expression ( Figure 2B ). Our data are therefore consistent with CCR7 lo PD-1 hi ICOS hi CD150 lo CD4 T cells being the "GC TFH" cells in RMs (45) . Because IL-4 is induced upon CD150/SAP crosstalk and is mediated by FYN and PKC-θ/ NF-κB signaling (13, 46) , investigating the ratio of CD150 to SAP and the relative function of FYN-and PKC-θ-mediated pathways could inform the mechanisms underlying these polarized cytokine profiles. We found that sorted CCR7 lo PD-1 hi CD4 T cells from chronically infected RMs were capable of providing in vitro help to sorted total or memory autologous B cells, further supporting their definition as TFH cells. Further experiments, using a larger cohort of noninfected and SIV-infected RMs, are needed to understand the nature of the in vitro help (30) and compare it to the help provided by TFH cells from noninfected RMs.
TFH cells from SIV-infected and uninfected RMs were transcriptionally different. The increased expression of the IFN-induced genes in TFH cells from SIV-infected RMs suggests that these cells respond to the increased IFN production associated with the SIV microenvironment. In addition, the increased expression of TGF-β-associated genes suggests a role of TGF-β as a regulator of TFH dysfunction in SIV-infected RMs (47) . Other indicators of TFH dysfunction in SIV-infected RMs include the decreased expression of TNFSF14 and FLT3LG. Finally, we show significant reduction in the expression of the IL4 gene in TFH cells from SIV-infected RMs; this gene plays a critical role in memory B cell survival and isotype switching. Our data therefore provide critical information regarding molecular pathways that regulate TFH cells in vivo and demonstrate that many of them are adversely affected by SIV infection, possibly leading to downstream problems with the B cell response to SIV and other infections.
Analysis of multiple CD4 T cell populations revealed loss of CCR7 hi PD-1 lo accompanied by expansion of CCR7 lo PD-1 hi (TFH) cells in secondary lymphoid tissues during chronic SIV infection. This was more evident within the CD150 lo TFH compartment. 
TFH cells). (B and C)
In the box-and-whiskers plot, box size represents the limits of data for the second and third quartiles, with medians shown as bars. Whiskers define the minimum and maximum of the data presented. P values were calculated using the Mann-Whitney U test. *P < 0.0001. (D) The relative expression of the S1PR1 mRNA in sorted cells from acute SIV-infected (n = 3; LN tissues) and chronic SIVinfected RMs, with low percentage of TFH cells (n = 3; LN tissues) and high percentage of TFH cells (n = 7; LN tissues), is shown. The normalized CT value for CD28 hi CD95 hi CCR7 hi PD-1 lo cells was assigned a value of 1, and the fold change over this value for the populations tested is shown.
Our assays only allow a determination of the relative frequency of particular T cell populations. Because the relative accumulation of TFH cells was observed in the presence of total CD4 T cell loss, we cannot determine whether there is an absolute increase, or just less loss, of TFH cells compared with other CD4 T cells in LNs during SIV infection. We expected to find that TFH cells were less infected in vivo than other CD4 T cell populations in the LN. In fact, we found the opposite. During acute SIV infection, LN TFH cells were frequently in cell cycle (expressed Ki67) and had greater copy numbers of SIV than other CD4 T cell populations ( Figure  4E and data not shown). No differences were found, however, during the chronic SIV infection, indicating that infection per se is not a major regulator of the TFH cell expansion. We found that CD150 lo TFH cells are not self-renewable, while their capacity for egression into the blood stream, judged by the expression of S1PR1, is compromised. Interestingly, the expression of S1PR1 was low in TFH cells regardless the infection status, indicating that this is an intrinsic characteristic of these cells. However, it was apparent that chronic SIV infection results in increased S1PR1 expression on non-TFH CD4 T cells, potentially leading to increased egression of these cells into periphery. We hypothesize that such a process could affect the dynamics of CCR7 hi PD-1 lo and CCR7 hi/lo PD-1 dim CD4 T cells in LNs from RMs with high TFH ( Figure 4A) . Furthermore, the rate of spontaneous cell death of TFH cells, as measured by active caspase-3 expression, was unaffected by SIV. The high level of spontaneous active caspase-3 expression in CD150 lo TFH cells suggests that they normally have a very short half-life in vivo, possibly explaining why SIV infection does not impact further upon an already short survival. In fact, our data argue that TFH cells may be less exposed to death signals mediated by PD-L1 expressed on B cells (33) during the chronic SIV infection ( Figure 5C ).
Within the group of SIV-infected RMs who had a high frequency of TFH cells, we found significantly elevated levels of sCD14, supporting the potential role of general immune activation in this process. In particular, our data point to increased IL-6 signaling that favors the development of TFH. The increased expression of the IL-6R complex found on TFH cells, especially in chronic SIV infection, was associated with increased plasma levels of IL-6. Treatment with IL-6 significantly increased the proliferation of naive and non-TFH cells but had no effect on their survival. In line with their general lack of in vivo cycling, no proliferation was observed in stimulated TFH cells in the presence or absence of IL-6. Furthermore, IL-6 was capable of inducing molecular markers (BCL-6, ICOS, CD95, PD-1) of TFH cells, especially after TCR stimulation. Our gene analysis revealed that CEBPA, a major negative regulator of G 1 /S transition (48-50) and necessary factor for the expression of IL-6Ra (51, 52) , was noticeably increased in the CD150 lo TFH cells. Proliferation and differentiation can be mutually exclusive processes, and CEBPA has been proposed to serve as a linker between these two biological pathways (53) . Therefore, we hypothesize that CEBPA could serve as a central coordinator of the TFH dynamics in vivo by regulating their proliferation/differentiation process as well as the activity of IL-6 during the development of TFH responses. IL-6 signaling is mediated by phosphorylation of both STAT-1, a major inducer of Th1 cells (54) , and STAT-3, a critical regulator of TFH (21, 22) . Although ex vivo IL-6 treatment induced phosphorylation of both STAT-1 and STAT-3 in all populations tested, a significantly higher STAT-3 phosphorylation was found in TFH cells compared with that in non-TFH cells only in samples collected from chronically infected RMs. Furthermore, mobilization of STAT-1 in TFH cells, under IL-6 treatment, was selectively compromised during chronic SIV infection. Whether increased expression of IL-6Ra or altered intracellular interactions in LNs with high TFH cells are responsible for this skewed IL-6 signaling needs to be investigated. Our in vitro data indicate that IL-6 could affect the development of TFH responses in SIV infection at multiple stages by affecting the molecular program (i.e., BCL-6 expression) and proliferation of less differentiated CD4 T cells as well as the intracellular signaling (through STAT phosphorylation) in TFH cells. Thus, our data reveal altered IL-6 signaling during chronic infection that favors the development of TFH cells and further support the significance of IL-6 as a critical regulator of TFH cell dynamics.
Accumulation of TFH cells in chronic SIV infection was associated with expansion of the GC B cell compartment and increased circulating SIV-specific immunoglobulins, in agreement with recently described data (24) . Although not significant, the avidity of SIV-specific antibodies was higher in RMs with high TFH compared with that in RMs with low TFH. Our data show that the gene expression alterations (i.e., reduction of IL4) imparted by SIV upon the TFH cells did not affect the ability of B cells to respond to SIV. Therefore, delineating the molecular mechanisms mediating the TFH-B cell interactions is critical for our understanding of the development of neutralizing activity against SIV and presumably HIV. Moreover, further work is needed to understand whether the higher infection levels of TFH cells in the acute phase contributes to the limited specificities of the initial HIV-1-specific (and SIV-specific) antibody responses (55) .
In summary, we have characterized TFH cells in RMs at the phenotypic, molecular, and tissue localization level. Our findings support a model of TFH cell dynamics in which a constant flow of activated CD4 T cells enter the TFH compartment followed by further differentiation to a status (CD150 lo TFH) characterized by a polarized cytokine profile and reduced survival ability. SIV impacts upon the molecular gene signature of this cell population yet does not lead to their specific depletion and often results in their accumulation. This is likely because of the diverse populations of CD4 T cells that can serve to continually replenish this population, thereby assuring their persistence late into SIV infection.
Methods
Animals
Indian RMs (Macaca mulatta) (Covance Research Products) were handled in accordance with the standards of the American Association for the Accreditation of Laboratory Animal Care. RMs were infected intravenously with a SIVmac251 stock. A previously described (56, 57) cohort of acute SIVinfected (n = 13) RMs was used for the analysis of CD4 T cell population infection rates during the acute phase.
Antibodies
We used the following directly conjugated antibodies: CD3-Cy7APC (SP34-2), CD95-Cy5PE (DX-2), PD-L1 Cy7PE (MIH-1), BCL-2-PE (BCL-2/100), CTLA-4-APC (BNI3), CD27-Alx700 (catalog no. 560611), CD154-PE (TRAP1), active caspase-3-FITC (catalog no. 51-68654X), BrdU-APC, (catalog no. 51-23619L), Ki67-FITC (catalog no. 556026), Ki67 Alx700 (catalog no. 561277), CD126 (IL-6Ra)-PE (catalog no. 551850), CD130 (GP130)-PE (catalog no. 555757), STAT-1-FITC (pY701) (catalog no. 612596), and STAT-3-Pacific Blue (pY705) (catalog no. 560312) (all from BD Biosciences); CD28-ECD (CD28.2)
Figure 6
TFH cell accumulation correlates with increased immune activation and skewed IL-6 signaling. (A) Plasma sCD14 levels from noninfected (n = 6), acute (n = 8), and chronic SIV-infected RMs (dark gray: low TFH cells, n = 7; red: high TFH cells, n = 9). (B) Plasma IL-6 levels from noninfected (n = 6) and chronic SIV-infected (n = 12) RMs. (C) IL-6Ra expression on CD4 T cell subsets from noninfected (n = 10), acute (n = 11), and chronic SIV-infected (n = 18) LNs. Surface plasmon resonance assay. Surface plasmon resonance binding avidity measurements were performed on the BIAcore 3000 (GE Healthcare/ BIAcore) with purified serum IgG. SIV antigens were anchored on duplicate spots using standard amine coupling chemistry on a BIAcore S series CM5 sensor chip. SIV-positive macaque sera (DBM5) were used as control and anti-RSV mAb Synagis was used as a negative control to subtract nonspecific binding to the sensor surface. Maximal binding response at the end of the injection phase (5 minutes) and dissociation rate constants (kd, s -1 ) were calculated from each binding curve. Relative binding avidity scores were calculated (avidity score [RUs] = [binding response units/kd]) and expressed as RU × s, with higher binding responses and slower dissociation constant kd as an indicator of higher affinity interaction.
Imaging studies
6-to 10-μm formalin-fixed, paraffin-embedded sections were deparaffinized, and antigen retrieval was performed by 30-minute incubation in 0.1 M Sodium Citrate EDTA buffer (pH 6.2) at 100°C. Following incubation with Image-IT FX signal enhancer (Invitrogen) and blocking for 1 hour (0.1 M Tris, 0.3% Triton X-100, 1% bovine serum albumin, 1% human), sections were sequentially stained with aPD-1 (R&D Systems, catalog no. AF1086), aCD20cy (Dako, L26), CD4 (Leica, 1F6), and Ki67-Alexa Fluor 700 (eBioscience, B56). Slides were imaged with a Zeiss 710 confocal microscope using a ×20 0.8 NA objective, with a ×2 optical zoom, or with a Leica SP5 confocal microscope using a ×40 1.25 NA objective, with a ×1.5 optical zoom, at a 1,024 × 1,024 pixel density. All image analysis was performed with Imaris software (Bitplane Scientific Software) in combination with Excel (Microsoft) and Prism (GraphPad). Nonspecific signal from autofluorescent macrophages was masked out of the final image analysis using a dedicated autofluorescence channel and non-autofluorescent region of interest selection. Presented images are maximum projections of 3 to 5 separate confocal Z slices. Standard 3-dimensional generated surfaces, representing either whole CD4 T cells or portions of CD4 T cell plasma membranes, and watershed segmentation algorithms in Imaris were applied to the CD4 signal. Average pixel intensity of the PD-1 stain inside each CD4 surface, along with the X, Y positioning of the surface center, was exported to Excel. Distance to the center of the B cell follicle of each surface was determined.
Microarray and pathway analysis
Cells from SIV-negative (non-TFH, n = 5; TFH, n = 5) and chronic SIVinfected (n = 6) SP tissues were sorted for microarray studies. RNA samples were prepared using the Illumina beads station assay, as previously described (59, 60) , and hybridized to the Illumina HumanHT-12 version 4 Expression BeadChip, according to the Illumina's instruction. The data were normalized with the quantile normalization method of Bioconductor package limma (61) . Missing values were imputed with R package impute (http://www.bioconductor.org/packages/ release/bioc/html/impute.html). Genes with significant differential expression levels were identified using Bioconductor package limma with 1.5 or higher fold change (up or down), and the false discovery rate adjusted the raw P value of less than 0.05. The top 200 genes for the 2 contrasts were selected to generate heat maps using R package pheatmap (http://cran.r-project.org/web/packages/pheatmap/index. html). Network analysis was done with Ingenuity Pathway Analysis software (Ingenuity Systems). The microarray data has been deposited at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38795 (GEO accession no. GSE38795).
and CD127-PE (R34.34) (both from Beckman Coulter); CCR7-Pacific Blue (TG8/CCR7), CD150-PE (A12), ICOS-Alexa Fluor 647 (C398.4A), CD20 BV570 (catalog no. 302331), and CD20-APC (catalog no. 302310) (all from Biolegend); and CD4-Cy55PE (S3.5) and CD8-Qdot705 655 (3B5) (both from Invitrogen). IgD-FITC (catalog no. 2030-02) was obtained from SouthernBiotech, biotinylated anti-PD-1 antibody was obtained from R&D Systems (BAF 1086), streptavidin-Cy7PE(Qdot 655) was obtained from Molecular Probes, and quantum dots were obtained from Quantum Dot Corporation. Aqua amine viability dye was purchased from Invitrogen, and PNA-PE was purchased from GeneTex.
Flow cytometry
2 × 10 6 to 3 × 10 6 cells were stained with Aqua and aPD-1-biotin. Following a staining step with streptavidin, cells were surface stained with titrated amounts of aCD3, aCD4, aCD8, aCD28, aCD95, aICOS, aCD150, aCCR7, and aCXCR4 and fixed/permeabilized and stained with an aCTLA-4. IL-6Ra, GP130, BTLA, CD127, CD69, and PD-L1 were also analyzed. Intracellular levels of CD154 were investigated after stimulation with SEB (Sigma-Aldrich) (1 μg/ml) at different time points.
TFH cell-BCL-6 staining. Surface stained cells were lysed with 100 μl FACS Lysing Solution (BD Pharmingen, catalog no. 349202), stained with anti-BCL-6-PE (BD Pharmingen, catalog no. 561522) in the presence of 0.25% Saponin, and fixed with paraformaldehyde.
Detection of pSTAT-1/pSTAT-3. After staining with Aqua, CD4, and PD-1, cells were washed and incubated in RPMI plus 1% FCS for 10 minutes at 37°C, 5% CO2. Cells were incubated with 40 ng/ml human IL-6 (R&D Systems, catalog no. 206-IL/CF) for 15 minutes (39) at 37°C, 5% CO2 and immediately fixed with 4% paraformaldehyde. After centrifugation, cells were resuspended in 500 μl Perm Buffer III (BD Biosciences, catalog no. 558050) and incubated for 30 minutes on ice. Cells were washed with Perm/Wash Buffer (BD Biosciences) and incubated with anti-STAT-3 and anti-STAT-1.
B cell assays. Cells were stained with Aqua and Fc blocker (not used in the presence of anti-IgG) (Miltenyi Biotech, catalog no. 120-000-442), followed by a surface staining step with CD20/CD3/IgD/PD-L1/CD27 or CD20/ CD3/CD27/IgG/PNA combinations. In some experiments, intracellular Ki67 staining was performed. BCL-6 staining was performed as in the case of TFH cells: surface staining (Aqua/CD3/CD20/IgD/IgG) was followed by intracellular staining for BCL-6 and Ki67. Cell populations were sorted under sterile conditions by using a FACS Aria system in a BSL-3 facility.
Antibody measurements
SIV-specific humoral IgG and IgA levels were evaluated by a standardized binding antibody multiplex assay, as previously described (55, 58) . For IgA measurements, serum was depleted of IgG using protein G highperformance MultiTrap plates (GE Inc.), according to the manufacturer's instructions with minor modifications as previously described (55) . SIVmac239 p55 GAG (Protein Sciences), SIV p27 GAG (ImmunoDiagnostics), rgp41 (Immunodiagnostics), SIVmac251 rgp130 (ImmunoDiagnostics), and SIV gp140 (provided by Bing Chen, Harvard Medical School, Boston, Massachusetts, USA) proteins were coupled to microspheres (Bio-Rad) and incubated with serum. For IgG antibodies, serial dilutions of samples starting at a 1:80 dilution, each in duplicate, were detected by biotinylated anti-monkey IgG (Rockland), and serum titers for SIV IgG were calculated by area under the curve (GraphPad Prism). IgA antibodies were detected by biotinylated anti-IgA (Jackson Immuno Research Inc.), with demonstrated lack of cross-reactivity to macaque IgG proteins (provided by Keith A. Reimann, Beth Israel Deaconess Medical School, Boston, Massachusetts, USA). IgG-depleted serum was tested at 1:80 final dilution, and SIV-specific IgA responses were reported as MFI within the linear range of the assay, with background subtracted
Cytokine detection
Sorted cells were stimulated with PMA (10 ng/ml)/ionomycin (1 μg/ml) for 14-16 hours, and supernatants were collected and subjected to cytokine analysis using the Luminex technology according to the manufacture's instructions (Milliplex Kit, catalog no. MPXPRCYTO-40K, Milipore).
In vivo administration of BrdU
BrdU (Sigma-Aldrich, B5002-5G) was dissolved in Hanks Balanced Salt Solution (Invitrogen) at 10 mg/ml (pH 7.4) and sterile filtered into autoqRT and DNA PCR studies mRNA was analyzed using the SuperScript III Platinum One-Step qRT-PCR system (Invitrogen), and relative amounts were calculated by the comparative (ΔΔ)Ct method. The following primers and probes were used: BCL6 (Hs00277037_m1), IL21 (Hs00222327_m1), MAF (Hs00193519_m1), GAPDH (Hs99999905_m1), TBX21 (also known as T-bet) (Rh02621772_ m1), CXCL13 (Hs00757930_m1), and S1PR1 (Hs00173499_m1). All primers were from Applied Biosystems, Life Technologies. SIV-GAG DNA in sorted cells was measured as previously described (62) . 
Plasma viral load
Levels of plasma SIV were determined by quantitative RT-PCR as previously described (63) .
Measurement of sCD14 and IL-6 levels
sCD14 and IL-6 levels were determined in plasma by ELISA according to the manufacturer's instructions (R&D Systems, catalog no. DC140 for sCD14 and catalog no. D6050 for IL-6).
In vitro assays
Cell death. Fresh cells were cultured for 14 to 16 hours, harvested, and surface stained with Aqua, aCD3-Cy7APC, aCD4-Cy55PE, aCD28-TRPE, aCD95-Cy5PE, aCCR7-Pacific Blue, aPD-1-biotin, and aCD150-PE. Intracellular staining was performed using an antibody against active caspase-3-FITC.
Proliferation and cell cycle analysis. Freshly sorted cells from chronic SIVinfected LNs were cultured for 4 to 5 days in the presence of plate-bound anti-CD3 (5 μg/ml) (Cell Science, FN18) and in the absence or presence of IL-6 (40 ng/ml). The amount of the in vitro cell death was calculated based on the Aqua binding. The absolute cell numbers were counted using a Cellometer Vision system (Nexselom Biosciences). Cells were incubated with BrdU (BD, catalog no. 552598) for 30 minutes, harvested, stained with Aqua, and treated with FACS Lysing Solution (BD Pharmingen, catalog no. 349202). Following a fixed/permeabilization step (BD), cells were treated for 30 minutes with DNAse and stained with aKi67-FITC, aBrdU-APC (BD catalog no. 552598), and 7AAD.
T and B cell coculture. 10 5 to 5 × 10 5 LN CD4 T cell populations were sorted based on the expression of PD-1 and cocultured with autologous sorted LN B cells at a 1:1 ratio in the presence of SEB (2 μg/ml) for 12 days. Supernatants were harvested and analyzed for total IgG with a commercially available ELISA Kit (Alpha Diagnostic International).
Effect of IL-6 on TFH-related proteins. LN cell suspensions (10 6 cells/well) were cultured with medium or medium plus IL-6 (40 ng/ml) in the absence or presence of immobilized anti-CD3 (FN18) (5 μg/ml). Cells were har-
